In this study, corrosion inhibiting properties of amino pentadecylphenols (APPs) derived from Cashew Nut Shell Liquid (CNSL) on mild steel in aerated 0.10 M HCl at 303 K were studied using Electrochemical Impedance Spectroscopy (EIS) and potentiodynamic polarization measurements. Both methods indicated the potential of a mixture of amino pentadecyphenols to serve as a corrosion inhibitor in mild steel in 0.10 M HCl. Corrosion inhibition efficiencies were observed to increase with increase in the inhibitor concentration, with maximum corrosion inhibition of about 98% at inhibitor concentration of 600 ppm. The adsorption of the inhibitor on mild steel surface was found to obey Temkin adsorption isotherm, signifying physical adsorption of the inhibitor molecules on mild steel surface.
Introduction
Mild steel substances are the most widely used group of materials in construction and industrial applications. However, the usefulness of these materials is challenged by corrosion, an electrochemical reaction that results into gradual destruction of metallic substrates through anodic dissolution [1] . Due to the economic damage and mild steel corrosion can cause, it persists as a serious subject of research especially with a view to minimize its effects.
In general, metal corrosion mitigation techniques include proper design, the use of corrosion resistant alloys, metal surface modification (e.g., coating, galvanizing and electroplating), electrical control (e.g., anodic protection), electrochemical technique (e.g., cathodic protection) and modification of the environment directly in contact with the metallic structure (e.g., pH adjustment, removal of corrosive species and the use of corrosion inhibitors).
The use of corrosion inhibitors to modify the environment in which a metallic substrate is used, especially in piping and storage systems, is considered to be the most versatile, practical and economical [2] . A corrosion inhibitor is a chemical substance that is added in small concentration to the corrosive media. Although the concentration of the inhibitor should be small which does not alter physical characteristics of the media, it should be sufficient to reduce significantly the rate of metal corrosion [3] .
As reported elsewhere [4] , acidic solutions are used in pickling, cleaning, descaling and etching of mild steel. In these solutions, the dissolution rate of mild steel is quite high and application of corrosion inhibitors to reduce corrosion rate is of paramount significance. The majority of organic corrosion inhibitors are those containing heteroatoms such as oxygen, sulfur or nitrogen. Among these are amines containing organic compounds, which are reported to be effective corrosion inhibitors in aqueous acidic environments [5] .
In an effort to synthesize poly(APP-co-EGDMA) [6] , we recently reported modification of Cashw Nut Shell Liquid (CNSL) to form a mixture of amino pentadecylphenols (APPs), i.e. 5-pentadecyl-2,4-diaminophenol and 3-pentadecyl-2,4,6-triaminophenol. The surfactant chemical structures of these APPs stimulated our interest to investigate their corrosion inhibiting properties on mild steel in aqueous acidic media, including investigation of the inhibitor adsorption isotherms which are herein reported.
Materials and Methods

Corrosion Inhibitor
The corrosion inhibitor used in this study is a mixture of APPs, i.e. 5-pentadecyl-2,4-diaminophenol and 3-pentadecyl-2,4,6-triaminophenol synthesized as reported somewhere else [6] .
Corrosion Studies
Two electrochemical techniques were used for the mild steel corrosion measurements, i.e., Electrochemical Impedance Spectroscopy (EIS) and potentiodynamic polarization. The measurements were conducted in an electrochemical cell containing 0.10 M HCl electrolyte, mild steel working electrode, Ag/AgCl reference electrode and stainless steel counter electrode. The working electrode used in this study was made from mild steel acquired from Dar es Salaam Water and Sewage Company (DAWASCO), Dar es Salaam, Tanzania.
Working Electrode
All measurements were performed using mild steel disk electrode made from parent metal of the composition presented in Table 1 . The disk specimens were polished using silicon carbide papers of increasing grits, i.e. 800, 2400 and finally 4000 grit, followed by polishing with diamond paste (9 μm to 1.0 μm) to achieve mirror surface finish. After rinsing with distilled water, the specimens were degreased by sonication in ethanol (about 15 minutes) and subsequently followed in acetone (about 3 minutes). The mild steel electrodes were embedded in epoxy resin, to expose a surface area of 0.85 cm 2 to 0.10 M HCl electrolyte. The tests were carried out in a 100 mL three electrodes thermostatically controlled cell made of Pyrex glass. The clean working electrode was immediately introduced into the electrolyte.
Electrochemical Measurements
The potentiodynamic measurements were performed using a computer controlled PGSTAT20 potentiostat from A computer aided Autolab PGSTAT20 Frequency Response Analyser (FRA) was used in the electrochemical impedance measurement in the frequency range of 10 kHz to 10 mHz at a sweeping rate of 10 points per decade, logarithmic division. The resulting data were analyzed by fitting them to Equivalent Circuits (EC). The EC parameters for the charge transfer resistance, R ct , and electrochemical double layer capacitance, C d1 , were obtained using a complex non-linear least square fitting programme, EQUIVCRT, developed by Boukamp. The potential of zero charge was determined from the C d1 values obtained at various open circuit potentials. The determined potential of zero charge was compared with the stable value of open circuit potential so as to determine the charge on the metal surface. The R ct values were used to calculate the corrosion current density using Stern Geary relation.
Results and Discussion
Polarization Measurements
Some of the polarization curves for mild steel electrode in aerated 0.10 M HCl in absence and presence different concentrations of the inhibitor at 303 K are presented in Figure 1 . As seen in Figure 1 , both anodic and cathodic current densities decrease with increasing concentration of the inhibitor. This indicates adsorption of the inhibitor molecules on the mild steel surface, a result which is in agreement with findings reported elsewhere [7] . Since APPs inhibitor affects both the anodic and cathodic polarisation curves, it may be said to exhibit a mixed type of inhibitor. However, the anodic shift of the open circuit potential with increasing inhibitor concentration shows that the inhibitor has a predominant anodic effect [8] . In addition, the polarization curves taken at the inhibitor concentration of 600 ppm and 800 ppm were almost superimposed, indicating an optimum inhibitor concentration of 600 ppm.
Electrochemical parameters presented in Table 2 were obtained from these curves by Tafel lines extrapolation [9] as function of the inhibitor concentrations. These parameters are: corrosion potential, E corr , corrosion current density, i corr , anodic and cathodic Tafel slopes b a and b c respectively, corrosion rate, V corr , and inhibitor efficiencies, θ. 
, respectively, where R is the gas constant, T is absolute temperature, F is Faraday's constant, n is number of participating electrons and β is symmetry coefficient for the anodic or cathodic reaction associated with charge transfer resistance. Corrosion rates were calculated by assuming a uniform corrosion using Equation (1) 
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are the corrosion rates with and without inhibitor, respectively. From Table 2 , it can be observed that the a b and c b did not vary significantly with the increase in inhibitor concentration. This can be suspected that the inhibitor possibly acted by blocking the available anodic and cathodic sites on the mild steel surface. In other words, the inhibitor decreased the surface area for corrosion process and inactivated parts of the mild steel surface with respect to corrosive medium. It was further observed that the corr E shifted anodically with increasing concentration of APPs inhibitor. As mentioned elsewhere [8] , such observation indicates that the addition of the inhibitor principally affect the anodic process, hence APPs inhibitor acts predominantly as anodic type. The corrosion current densities ( Table 2 ) changed from 89.44 µA⋅cm −2 for blank solution to 2.230 µA⋅cm −2 in the presence of 600 ppm of APPs inhibitor. Further increase in APPs inhibitor concentration in the electrolyte did not show a significant additional reduction of current density, indicating the minimum concentration of APPs giving optimum corrosion protection. In addition, as seen in Table 2 , APPs inhibitor concentration of 600 ppm resulted in reduction of corrosion rate from 1.037 mm⋅y −1 to 0.030 mm⋅y −1 , corresponding to over 97% corrosion inhibition efficiency.
Electrochemical Impedance Spectroscopy Measurements
The impedance plots for mild steel electrode in aerated 0.10 M HCl in absence and presence different concentrations of the inhibitor at 303 K are presented in Figure 2 .
As can be observed from Figure 2 , the plots are characterized by a single capacitive loop and depressed semicircles whose sizes increase with the increase in inhibitor concentration. The depressed semicircles in impedance measurements ploted in Nyquist format are referred to as frequency depressions and have been reported to be attributed to surface in homogeneities. The increase in size of the semicircles with increase in inhibitor concentration is reported to be due to charge transfer resistance at the metal/solution interface [11] [12]. This signifies that an increase in the APPs concentration resulted into reduction in Faradic processes taking place at the surface covered by the inhibitor resulting into decreased corrosion rate. Furthermore, the largest size of the semicircles was obtained with inhibitor concentration of 600 ppm. A further increase in concentration of the APPs inhibitor above 600 ppm did not change the size and shape of the semicircles. Thus, as for polarization measurements, 600 ppm can be regarded as the optimum concentration of APPs for the tested mild steel in 0.10 M HCl solution. Electrochemical parameters obtained from impedance measurements on mild steel electrodes in 0.10 M HCl solutions in the absence and presence of different concentrations of APPs inhibitor recorded after 3 hrs of exposure at 303 K are summarised in Table 3 . These parameters are: open circuit potential, E ocp , charge transfer resistance, R ct , and double layer capacitance, C dl ; obtained as stated in Section 2.3.
It is clearly observed from Table 3 that as the APPs inhibitor concentration was increased, the R ct values increased and the C dl values decreased. These results can be attributed to the decrease in the thickness of double layer due to the replacement of the electrolyte molecules on mild steel surface by adsorption of the APPs inhibitor molecules [13] . Similar findings were also reported elsewhere [14] - [16] .
Adsorption Isotherms
In order to understand mechanism through which the APPs inhibitor molecules adsorbed on the mild steel electrode exposed in 0.10 M HCl electrolyte, it was important to use Temkin adsorption isotherm model. The predominant adsorption isotherm models depend on several factors including temperature, type of anions and chemical changes of the inhibitor. The relevant equation for Temkins adsorption isotherm model is Equation (3). 
where θ is the degree of surface coverage, inh C is the APPs inhibitor concentration in the electrolyte, K is the adsorption equilibrium constant and a is the attractive parameter. Making θ the subject and applying logarithm gives Equation (4). Table 2 and Table 3 . Since the APPs inhibitor efficiencies obtained from the two electrochemical techniques were very close to each other, the average values were used. A plot of θ against log inh C is presented in Figure 3 .
As expected, the results from this study were found to obey Temkin adsorption isotherm (Figure 3 . Since the equilibrium constant obtained in this work is relatively small, it can be suspected that interaction between the APPs inhibitor molecules and the mild steel surface was by physical adsorption [17] . be 600 ppm. From Temkins adsorption isotherm model, the adsorption of APPs inhibitor molecules was found to be physisorption. Therefore, APPs corrosion inhibitor is a potential corrosion inhibitor in acidic media.
Conclusion
